In theory, adaptive divergence can increase intrinsic post-zygotic reproductive isolation (RI), either directly via selection on loci associated with RI, or indirectly via linkage of incompatibility loci with loci under selection. To test this hypothesis, we measured RI at five intrinsic post-zygotic reproductive barriers between 18 taxa from the genera Cakile and Erucaria (Brassicaceae). Using a comparative framework, we tested whether the magnitude of RI was associated with genetic distance, geographic distance, ecological divergence and parental mating system. Early stages of post-zygotic RI related to F 1 viability (i.e. initial seed set) tended to be stronger than later stages related to F 1 fecundity (i.e. flower number, fruit number). Mating system significantly influenced early stages of RI, such that RI was lowest when the mother was selfing and father was outcrossing, consistent with an imbalance between sink strength and resistance to provisioning. We found little evidence that adaptive divergence accelerates the evolution of intrinsic postzygotic RI, consistent with a nonecological model of evolution that predicts the nonlinear accumulation of RI and RI asymmetry with time (i.e. genetic distance), irrespective of adaptive divergence. Thus, although certain aspects of ecological divergence do not appear to have contributed strongly to the evolution of RI in this system, divergence in mating system actually reduced RI, suggesting that mating system evolution may play a significant role in speciation dynamics.
Introduction
Darwin argued that the origin of species was driven by divergent selection, whereby new species arose as a consequence of adapting to different environments (Darwin, 1859) . With the advent of the biological species concept (BSC), the study of speciation was refocused on the evolution of reproductive isolation (RI) between divergent lineages as opposed to adaptive differences per se (Dobzhansky, 1937; Mayr, 1942; Coyne & Orr, 2004) . Reproductive isolation barriers can be extrinsic or intrinsic. Extrinsic reproductive barriers concern adaptation to divergent environments that contribute to ecological isolation or reduced hybrid fitness caused by disrupted adaptation (Dobzhansky, 1937; Mayr, 1942; Coyne & Orr, 2004; Rundle & Nosil, 2005; Via, 2009; Arnegard et al., 2014) . Intrinsic reproductive barriers, in contrast, arise through intrinsic genic conflicts (e.g. genic incompatibilities, chromosomal inversions) that are expressed regardless of the ecological context. Furthermore, intrinsic reproductive barriers are theoretically just as likely to evolve when isolated populations experience parallel selection to similar environments, as opposed to divergent selection to different environments (Barton, 2001; Unckless & Orr, 2009 ). Proponents of the BSC have often emphasized intrinsic incompatibilities over extrinsic incompatibilities, and thus, the importance of divergent selection in speciation has been seriously questioned (Schluter, 2001; Coyne & Orr, 2004) . The degree to which divergent selection accelerates the evolution of different aspects of RI remains controversial (Schluter, 2001; Levin, 2004; Rundle & Nosil, 2005; Hendry et al., 2007; Langerhans et al., 2007; Schluter & Conte, 2009 ).
The overall degree of reproductive isolation between two lineages is the combined product of multiple barriers that inhibit the successful reproduction of two species (Coyne & Orr, 2004) . In addition to being categorized as either intrinsic or extrinsic, reproductive barriers are also categorized as either pre-zygotic (before fertilization) or post-zygotic (after fertilization). Within these broader categories are several sequentially acting barriers, the importance of which depends on the order in which they occur as well as how effective they are at inhibiting successful reproduction (Ramsey et al., 2003) . In plants, under natural conditions, prezygotic barriers (e.g. habitat isolation, phenological isolation, mate choice) have been shown to contribute more to total reproductive isolation than post-zygotic barriers (e.g. F 1 viability, F 1 fertility) between incipient species, since they act earlier in the life cycle, thereby reducing the proportional contribution of reproductive barriers acting at later life stages (Ramsey et al., 2003; Lowry et al., 2008; Widmer et al., 2009 ). However, post-zygotic barriers caused by intrinsic genic incompatibilities are considered especially important because they are difficult to lose once evolved, and they prevent subsequent genetic exchange between species, even if mating and fertilization has occurred or if habitats change to sustain hybrid offspring from differentially adapted parents (Orr, 1996; Orr & Turelli, 2001; Coyne & Orr, 2004) .
Although there is agreement that adaptive divergence contributes to both pre-zygotic and post-zygotic extrinsic reproductive isolation, via ecological isolation (Coyne & Orr, 2004; Ruane & Donohue, 2007; Lowry et al., 2008; Moe et al., 2012) or reduced hybrid fitness caused by disrupted adaptation (Wang et al., 1997; Milne et al., 2003; Gow et al., 2007; Brennan et al., 2009) , it is far less clear whether it contributes to the evolution of intrinsic RI. Ecological adaptation can, in principle, contribute to the evolution of intrinsic reproductive barriers if loci underlying intrinsic genic incompatibilities are either pleiotropic with or physically linked to loci under direct selection (Coyne & Orr, 2004; Rundle & Nosil, 2005) . Although several loci have been found to be associated with intrinsic genic incompatibilities (Rieseberg & Blackman, 2010; Wolf et al., 2010; Nosil & Schluter, 2011) , few have been shown to be under selection (Bomblies & Weigel, 2007; Wright et al., 2013) , so direct genetic evidence for this hypothesis is scarce. Theoretical models, moreover, predict that intrinsic barriers can evolve at similar rates under both divergent and parallel selection (Barton, 2001; Gavrilets, 2004; Unckless & Orr, 2009; Conte et al., 2012) , provided the alleles that contribute to adaptation are unique to each population. However, intrinsic post-zygotic barriers would evolve more slowly under parallel selection if the same alleles were fixed in both populations, as would be the case if the number of new alleles were limited or if selection operated on similar pools of standing variation (Coyne & Orr, 2004; Barrett & Schluter, 2008; Schluter, 2009; Schluter & Conte, 2009) . In theory, these same predictions could be extended to the evolution of post-mating pre-zygotic barriers as reproductive costs would be comparably incurred. Thus, the contribution of ecological divergence to the evolution of intrinsic reproductive isolation is still in question.
In addition to natural selection, mating system is predicted to influence the directionality and magnitude of post-zygotic RI. The genomes of outcrossers are hypothesized to be more competitive than the genomes of selfers because of stronger competition among pollen and developing seeds. One potential outcome is that endosperm development could be disrupted by an imbalance of maternal and paternal contributions, similar to imbalances caused by disrupted ploidy levels (Brandvain & Haig, 2005) ; 'Weak Inbreeders' may not counterbalance the competitiveness of 'Strong' Outbreeders (termed the WISO hypothesis), resulting in reduced endosperm but viable seeds when the maternal plant is an outcrosser, but endosperm failure when the maternal plant is a selfer. Alternatively, crosses between mating systems could disrupt a balance between provisioning by mothers and sink strength by seeds. Seeds sired by competitive outcrossers may be stronger sinks and may garner more resources especially when mothers are selfers, as selfers have not been selected to resist provisioning 'greedy' offspring. Likewise, seeds sired from noncompetitive selfers may be weaker sinks, and garner fewer resources especially when mothers are outcrossers. This would lead to highest provisioning and viability of outcrossed seeds on selfing mothers. Thus, the WISO hypothesis predicts RI to be higher when mothers are selfers and fathers are outcrossers, whereas the 'sink-provisioning' hypothesis predicts RI to be lowest under those conditions. Although some support for the WISO hypothesis has been found in species pairs (Brandvain & Haig, 2005 and references therein; Ruane, 2009; Ruhsam et al., 2011; Goodwillie & Ness, 2013; Runquist et al., 2014) , associations between mating system and early-stage post-zygotic RI have yet to be explored in a phylogenetic comparative context or in relation to adaptive divergence.
In addition to direct effects on hybrid development, selfing and outcrossing lineages might accumulate RI loci at different rates due to differences in genomic linkage disequilibrium. If intrinsic RI evolves because of linkage with loci under selection, then it may be more likely to evolve as a by-product of divergent selection in selfing taxa than in outcrossing taxa because of their higher linkage disequilibrium.
Perhaps the best way to characterize general patterns of the evolution of reproductive isolation is to evaluate the strength of each barrier across multiple species pairs in a phylogenetic comparative framework (Coyne & Orr, 2004) . Because it employs multiple species, a comparative approach has the power to reveal both how rapidly RI accumulates for different barriers (i.e. their rates of evolution) and in what fashion (linear vs. nonlinear) . Comparisons of the rate of evolution of different components of RI have typically focused on differences between pre-and post-zygotic RI and have generally found that pre-zygotic barriers evolve faster (Coyne & Orr, 1997; Moyle et al., 2004) . Few studies have looked at the relative rates of evolution of barriers within pre-or post-zygotic barriers. Additionally, most comparative studies of RI detect a positive, linear correlation between genetic distance and the strength of RI (Coyne & Orr, 1997; Sasa et al., 1998; Price & Bouvier, 2002; Mendelson, 2003; Jewell et al., 2012) , suggesting a 'clock-like' accumulation of RI. Fewer studies have actually been able to test for nonlinear patterns in the accumulation of RI.
A phylogenetic comparative framework is also a powerful way to test the generality of the role of adaptive divergence in the evolution post-zygotic reproductive isolation. It allows one to test for a correlation between adaptive divergence and RI, while controlling for evolutionary history and divergence time. For example, using a comparative approach, Funk et al. (2006) found a positive correlation between ecological distance (a proxy for adaptive divergence) and post-zygotic RI (pollen inviability) in a collection of several Angiosperm genera, suggesting that adaptive divergence may play a role in promoting the evolution of intrinsic post-zygotic RI. Examining multiple measures of RI and investigating their association with specific adaptive traits or ecological factors would provide even greater resolution of the conditions under which adaptive divergence can contribute to particular components of RI.
The genus Cakile Mill. (Brassicaceae) offers an ideal system in which to test whether divergent selection accelerates the evolution of multiple reproductive barriers, and intrinsic post-zygotic barriers specifically. The genus is derived from desert taxa but is now primarily restricted to the coastal dune and strand communities (Rodman, 1974; Hall et al., 2006; Willis et al., 2014) . Cakile has undergone a recent and extensive diversification into a wide range of climatic habitats (Rodman, 1974) . The genus ranges from the Arctic to the southern Caribbean and Mediterranean, with sister taxa occupying both contrasting and comparable latitudes, and sister subspecies appear to have undergone divergent adaptation across this latitudinal gradient (Willis, 2013) . The genus also harbours variation in functional traits, such as leaf morphology related to hydraulic conductance and glucosinolate profiles related to herbivore resistance. Cakile, therefore, offers a system with interesting diversification and evidence for adaptive divergence, making it highly suitable for an analysis of the contribution of adaptive differentiation to the evolution of RI.
To test for evidence that divergent selection contributes to the evolution of intrinsic post-zygotic reproductive isolation, we characterized components of reproductive isolation among 18 taxa from the genus Cakile and the sister genus Erucaria and compared them to ecological divergence among taxa. First, to determine which components of RI are strongest and have evolved fastest, we compared the strength and rate of accumulation of different components of intrinsic post-zygotic isolation. Second, we tested whether RI has accumulated linearly or nonlinearly across each reproductive barrier. Third, we tested whether the magnitude or asymmetry in RI was associated with mating system. Fourth, to test for evidence that adaptive divergence promoted the evolution of RI, we tested whether different components of RI are associated with ecological divergence, after accounting for divergence time, and tested whether the relationship between RI and ecological divergence varied with mating system.
Materials and methods
The study system and crossing design Cakile and Erucaria are sister genera in the family Brassicaceae, tribe Brassiceae (Beilstein et al., 2008; Hall et al., 2011; Al-Shehbaz, 2012; Willis et al., 2014) . There are 13 recognized species and subspecies within Cakile, and 10 recognized species within Erucaria. There was a total of 18 taxa included this study, which consisted of three species from the genus Erucaria, 11 species and subspecies from the genus Cakile, and four additional intraspecific populations from within Cakile. These additional populations were included because they were geographically isolated by significant distance and thus represented potential cryptic species. Additional Cakile and Erucaria species were not included because seeds were not available. See Table S1 for a complete list of taxa and geographic origin, as well as, Figure S1 for a map of available occurrence records. Mating system (selfing [S] vs. outcrossing [O] ) was scored for each species based on experimental crossing data from Rodman (1974) , floral characteristics (Fenster et al., 2004) and personal observation of autogamy in the glasshouse. Species categorized as outcrossing were typically self-incompatible (personal observation; Rodman, 1974) .
For each taxon, 2-3 replicates from 1 to 6 families (i.e. genotypes; median = 4) were grown in the Harvard University Glasshouse under a 12-h photoperiod, supplemented with mercury-halogen lamps in the evening or cloudy days. Temperatures were set for an average of 25°C and ranged from 23 to 30°C. Plants were potted in a 50/50 mixture of Turface (Turface Athletics, Buffalo Grove, IL, USA) and Metro-mix 360 potting soil (Hummert International, Earth City, MO, USA) in 7.6-cm-diameter terracotta pots. Plants were watered every other day as needed.
Experimental reciprocal crosses were performed between randomly selected families for all combinations of the 18 taxa, including intraspecific crosses, for a total of 324 combinations (Table S2 ). Crosses were conducted in both directions, with both parental species serving as pollen donors and recipients. All crosses were performed between October 2006 and January 2007. To prevent self-pollination, flowers selected for crossing were emasculated in-bud the night before the cross, prior to anthesis. Crosses were performed the following morning by hand. A total of 3182 crosses was performed with a median of 19 crosses per taxon pair (range = 3-35). There were, on average, four families per taxon, giving approximately 16 possible combinations between the families of two taxa (and 32 reciprocal combinations). On average, we completed~10 (median cross number, 19, divided by 2, to account for reciprocal crosses) out of 16 of these combinations. When possible, we replicated crosses between unique family combinations. Due to the availability of usable flowers, only 2-3 crosses to the same individual maternal plant were performed on the same day.
Measures of reproductive isolation barriers
From these crosses, the following reproductive barriers were measured under benign glasshouse conditions: F 1 viability measures included initial seed set from the cross ('cross failure'), seed germinability and survival to flower. F 1 fecundity was measured as the number of flowers and number of fruits set.
Cross failure was scored as the ability to produce fully developed fruit and seeds following hand-pollination. Cross failure can be the result of both pollen-pistil interactions (post-mating, pre-zygotic) and embryo inviability (post-zygotic). A subsequent study using a subset of taxa found significant evidence for pollen-pistil interactions in the absence of pollen completion (as in this study), but these interactions did not ultimately prevent the pollen tubes from reaching the ovule, given enough pollen and time (Willis, 2013) . Therefore, we treated cross failure as a measure of F 1 viability.
Seeds produced from the above crosses were used in subsequent measures of F 1 viability and fertility. To achieve sufficient sample sizes for each measure of F 1 viability and fertility, we grew two F 1 populations, one in 2007 and 2008. For each of these two 'time blocks', we divided the greenhouse into three spatial blocks. We attempted to grow 1-3 F 1 replicates per cross within each of the six blocks (two time, three spatial); however, there was not always enough available seed or surviving seedlings to estimate all fitness components for all crosses.
Germinability was scored as the ability of seeds to germinate in Percival Model GR41LX incubation chambers (Percival Scientific Inc., Perry, IA) in a 12-h dark/12-h light diurnal cycle at 20°C. As we were interested in overall germinability, as opposed to germination time or dormancy, seed coats were scarified with a razor to promote germination. Seeds were then plated on a 1% agar medium. Germinability was scored for two of the three spatial blocks in 2007 and for all spatial blocks in 2008. In both cases, germination occurred quickly (within 3-6 days of plating), or not at all.
After~8 days, all germinants were transferred from the growth chamber to the Harvard University Glasshouse in a 12-h dark/12-h light diurnal cycle at 25°C for both time block 1 and time block 2. Plants were potted in a 50/50 mixture of Turface and Metro-mix 360 potting soil in 7.6-cm-diameter terracotta pots. Plants were treated as needed for thrips with 1% granular Marathon (OHP Inc., Mainland, PA, USA). Plants were followed from germination to senescence, or the end of 6 months (at which point >90% were dead). After senescence, or at the end of 6 months, plants were harvested.
Survival to flower was scored as the ability of a plant to flower before death. Fecundity was measured as the total number of flowers and fruits produced by the time of harvest. Flower number is an indirect measure of number of offspring, in that it represents the opportunity for pollination and potential fruit set. Flower number is also an important measure of floral display, which in turn has implications for pollination success and fruit set, especially among self-incompatible species (Barrett, 2003) . More directly, fruit number is proportional to the number of progeny contributing to the next generation. Some species in these genera are highly autogamous, whereas others are highly outcrossing and exhibit self-incompatibility. For selfing plants, fruit set is an accurate measure of total fitness, but for self-incompatible plants, flower number may be a more accurate indicator of reproductive fitness. A further potential complication is that fruit set in selfers may reduce subsequent flower production, making it difficult to compare flower number across selfing and outcrossing plants. To test this possibility, hand-pollinations were conducted on a subset of outcrossing taxa: C. maritima (Spain), C. maritima (Poland), C. lanceolata (Bahamas), C. arctica (Iceland). For each, there were 4-8 genotypes with 1-2 replicates. Open flowers were pollinated with pollen from different genotypes within species every 2 days. Flower number was recorded on those plants that received pollen and those that did not. Genotype within a species served as replicates for analysis, and replicates within a genotype were averaged. Hand-pollination did not have a significant effect on flower production in these taxa (two-way ANOVA: pollination treatment, F 1,50 = 0.00, P = 0.9774; species, F 4,50 = 0.21, P = 0.9317; Treatment * Species, F 4,50 = 0.39, P = 0.8176), suggesting that comparisons of flower production across taxa are valid.
For each reproductive barrier, reproductive isolation was calculated using the unification method detailed in Sobel & Chen (2014) . The equation is the following:
where H is the fitness or survival of the F 1 hybrid and P is the mean fitness or survival of the parents. The resulting measure of RI scales from 1 (complete RI) to À1 (maximum heterosis), making comparison across barriers easier. Measures of hybrid viability and fertility occur in sequential order over the lifetime of a plant.
Reproductive isolation therefore effectively accrues with each subsequent stage and total accumulated RI can be calculated as the multiplicative function of sequential RI components (Ramsey et al., 2003) . In this way, we estimated the accumulated RI for three major stages of post-zygotic RI: viability (germination * survival to flower), fecundity (flower number * fruit set) and total RI (cross failure * viability * fecundity). Asymmetry in RI was calculated for each barrier as the absolute value of the difference between the respective parent combinations for each cross type (RI [A female 9 B male ] À RI[B female 9 A male ]).
Genetic distance and phylogeny
To conduct a comparative analysis of reproductive isolation, geographic distance and ecological divergence (see below), we constructed a phylogeny for all 18 taxa based on two chloroplast and four nuclear genes (Willis et al., 2014) . To estimate genetic distance independently of phylogeny, we used intersimple sequence repeats (ISSRs; Wolfe, 2005) . Given the relatively recent divergence of the taxa in this study (Willis et al., 2014) , ISSRs are preferable to other fingerprinting markers because they are highly variable, comparatively reproducible, inexpensive and easy. They produce a genomic fingerprint of dominant markers. The ISSR primers and methods used in this study were taken from Clausing et al. (2000) . From five ISSR primer sets, we scored 45 unique characters across all 18 taxa. Genetic distance was calculated using the method from Nei & Li (1979) and ranged from 0 (parental crosses) to 1.00 (median = 0.486).
Measures of ecological distance

Functional trait distances
Similarity of functional traits was calculated based on measurements of functional leaf morphology. Leaf area and perimeter were measured for all 18 taxa grown in the greenhouse. These measurements were used to calculate 'leaf lobedness' (perimeter:area), a functional trait that is associated with water use efficiency (hydraulic conductance) and thermoregulation (Brodribb & Holbrook, 2003; Sack et al., 2003; Nobel, 2005; Sack & Holbrook, 2006; Nicotra et al., 2011) . In the Cakile clade, leaf lobedness is also significantly associated with precipitation, suggesting that its variation may have adaptive significance (Willis, 2013) . We measured leaf lobedness for all 18 taxa with the exception of C. arabica. In 2010, we grew two replicates of 4-6 genotypes from the same populations used to create the F 1 hybrids for each of the 14 taxa in the Duke University Greenhouse in 12-h dark/12-h light diurnal cycle at 25°C. The youngest, fully developed leaf was collected at first flower for each individual plant. Leaves were kept in deionized water to mitigate the effects of water loss until they were scanned shortly after collection (<2 h). Leaf perimeter and area were measured in ImageJ v1.45 (Schneider et al., 2012) . Similarity of functional traits was calculated as the Euclidean distance between the taxa means (Table S3 ). An additional concern with perimeter:area ratio comparisons is that the same value can alternatively indicate a high degree of either lobedness or elongation (long, narrow leaves). However, a linear mixed model analysis of the relationship between perimeter:area ratio and leaf length (Ferret's diameter), with taxa included as a random variable, revealed a weak negative relationship, such that taxa with shorter leaves tended to have more lobes (b = À0.0002, F 1,174 = 53.74, P < 0.001). Thus, for this system, perimeter:area ratio is most likely a reflection of lobedness and not elongation.
Glucosinolates are secondary compounds commonly associated with plant defence against local herbivores and have been shown to be under strong selection in other species (Mauricio & Rausher, 1997; Benderoth et al., 2006; Prasad et al., 2012) . Glucosinolate distances were calculated from data originally collected by Rodman (1974) . These data include the concentration of 17 glucosinolate compounds for 14 of the 15 Cakile taxa in this study (C. arabica was not included). We computed glucosinolate distance as the multivariate Euclidian distance between each species glucosinolate profile. In the Cakile clade, taxa differed significantly in their glucosinolate profiles and these differences were correlated with measures of precipitation, suggesting that variation in glucosinolates has adaptive significance (Willis, 2013) . The overall similarity of glucosinolate profiles among taxa was calculated based on the combined Euclidean distance across all 17 compounds (Table S4) .
Geographic distance
We measured geographic distance -a proxy for allopatric isolation -between taxa based on geo-coordinate data obtained from a combination of the Global Biodiversity Information Facility (http://www.gbif.org/), the literature (Rodman, 1974) and personal observations of occurrence of each species (see Table S3 for means). Geographic distance was calculated as the minimum distance between two taxa based on all available
occurrence data and using the Haversine method in the R library geosphere v1.3-11 (Hijmans, 2014) .
Climatic niche overlap
We estimated climatic niche envelops (CNEs) for all 18 taxa using the software MaxEnt v3.3.3k (Phillips & Dud ık, 2008) . Niche overlap is independent of geographic overlap or distance. MaxEnt uses geo-coordinate and climatic data to generate a probability distribution of species occurrence over a given area using the principle of maximum entropy (Guisan et al., 2005) . Geo-coordinate data were the same used to calculate geographic distance. For our climatic inputs, we used the 19 bioclimatic variables from the WorldClim Global Data set + altitude, at a resolution of arc 2.5 0 (~5 km 2 ) (Hijmans et al., 2005) . Species CNEs estimates and projected distributions were restricted to the current, native range of taxa included in this study (North America, Europe, North Africa, and the Near East). Projected distributions were used to calculate niche overlap (Schoener's D) -a measure of niche similaritybetween taxa using the phyloclim library v0.9-4 (Heibl & Calenge, 2013) in R v3.1.2 (R Core Team, 2014).
Climatic distances
To investigate which specific climatic factors might be associated with reproductive isolation, climate data for each taxon were extracted based on geo-coordinate data. Principle component analysis of these data was performed in R to determine the major components of variation in climate across the taxa group. The first two principle components explained 98.7% of the variance in the data (PC1 = 94.1%, PC2 = 4.6%). The major loading of PC1 was temperature seasonality (annual standard deviation of monthly temperatures, loading score = 0.995). The major loading of PC2 was annual precipitation (loading score = 0.788). Differences in PC1 and PC2 between taxa pairs were calculated as the Euclidean distance.
Statistical analysis
Evolutionary rate of different components of reproductive isolation
To test whether reproductive isolation increased with genetic distance, a proxy for divergence time, we tested for correlations between genetic distance and RI for each barrier. We also tested for correlations between genetic distance vs. geographic and ecological distance.
This sort of analysis poses a challenge because of the pairwise structure of the data. Not only are the same taxa used for multiple crosses, but these taxa are also structured differentially by their shared evolutionary history. To correct for the phylogenetic nonindependence of these data, phylogenetic-independent contrasts were calculated (PICs; Felsenstein, 1985) . PICs average the measures of reproductive isolation (or ecological distance) across descendent nodes, weighted by branch lengths (Fitzpatrick, 2002) . The limitations of PICs, however, are twofold: first, there is not always sufficient phylogenetic information available (Tiffin et al., 2001; Moyle et al., 2004) , and second, they greatly reduce the data set, limiting the ability to detect significant statistical relationships.
To test for correlations between reproductive isolation and genetic distance, we took a comprehensive approach and used both standard parametric (linear regression) and nonparametric methods (Kendall's s), applied to both phylogenetically corrected and uncorrected data. We did not perform Mantel tests because several of the cross pairs were not represented in the data set, especially for later stages of RI.
For phylogenetically corrected data, we used methods outlined in Fitzpatrick (2002) . Measures of reproductive isolation and genetic distance were averaged across descendent nodes and weighted by branch lengths. As noted above, we used a different set of markers to construct the phylogeny than we used to calculate genetic distance. To account for phylogenetic uncertainty, we calculated PICs and PIC correlations across a set of 100 bootstrap trees. Here, we report the median and 95% CI for each correlation coefficient and corresponding Pvalue.
We also evaluated whether reproductive isolation accumulated in a nonlinear fashion. We compared the relative fit of a linear model (y = bx) to two nonlinear models (y = bx 2 ;
). Models were compared with the Akaike information criterion (AIC). Several of the crosses in our study were subspecific (i.e. subspecies or geographically isolated populations). Although there is both genetic and taxonomic evidence that suggests these represent distinct taxonomic units (summarized in Willis, 2013) , they could still bias estimates of nonlinearity. Specifically, both low RI and genetic distance among subspecific crosses could be flat relative to interspecific crosses, resulting in an overestimate of nonlinearity. To address this potential bias, in addition to analysing all crosses (including subspecific), we also tested for nonlinear patterns among only interspecific crosses. Estimates of RI and GD were averaged across subspecific taxa (including subspecies, variants, geographically isolated populations) for each species (nine in total).
Finally, we tested for differences in the evolutionary rate of multiple barriers with an analysis of covariance (ANCOVA). Here, a significant effect of the interaction between genetic distance and barrier type on RI would indicate significant differences in the rate of accumulation of RI among the different RI barriers.
Contributions of ecological distance to different measures of reproductive isolation
To test whether ecological divergence was associated with reproductive isolation, we included ecological distance as a covariate with genetic distance in both our uncorrected and phylogenetically corrected linear models, as described above. Including genetic distance controls for the effect of divergence time between species and allows us to directly test the effect of ecological divergence on the accumulation of RI. Each measure of ecological distance and geographic distance was analysed separately.
To test whether ecological divergence is more strongly associated with RI in selfing (S) vs. outcrossing (O) taxa, we conducted three analyses. First, we used an ANCOVA to test the effect of the three possible parental mating system combinations (O 9 O, O 9 S and S 9 S). Second, we again used ANCOVA, but we used two mating system categories: selfers and outcrossers. O 9 S was grouped with either selfers (S 9 S) or outcrossers (O 9 O) in two separate analyses. Finally, to interpret interactions, we ran individual linear models to test the effect of ecological distance on RI for each parental mating system combination.
Tests for asymmetrical reproductive isolation
To test whether patterns of RI depended on which parent was the maternal vs. paternal parent, we first tested for both linear and nonlinear correlations between RI asymmetry -that is, the difference in RI between the reciprocal parental combinations -and genetic distance. We used the same parametric and nonparametric tests and uncorrected and phylogenetically corrected methods described above, but with asymmetry of RI between cross types as the dependent variable rather than mean RI for each cross type.
Second, we tested for an association between reproductive isolation asymmetry and ecological distance. Here again, we employed the same methods as described above for RI, but with asymmetry of RI between cross types as the dependent variable rather than RI.
Third, we tested whether there was an effect of parental mating system on the degree of RI asymmetry. For instance, we tested whether RI was greater in S maternal 9 O paternal crosses than in O maternal 9 S paternal crosses. We tested for an overall effect of parental mating system with a standard analysis of variance by testing for differences in mean RI among each of the four mating system combinations (O 9 O, O 9 S, S 9 O and S 9 S) using an adjusted Tukey test. Analyses were performed in R v3.1.2 (R Core Team 2014).
Results
Magnitude of reproductive isolation
Significant reproductive isolation was detected among taxa, ranging from À0.36 (heterosis) to 1.0 (total reproductive isolation; Table 1 ). The magnitude of different components of RI varied, with means ranging from À0.05 to 0.19. The highest levels of reproductive isolation were measured for cross failure, followed by seed germinability and fruit production. In contrast, survival to flower and flower number exhibited, on average, a pattern of heterosis (Table 1 ). These contrasting patterns were reflected in the cumulative measures of reproductive isolation, with the combined effects of all components of RI sometimes opposing each other.
Evolutionary rates of reproductive isolation
To test whether reproductive isolation increased with time, we tested whether each component of RI was associated with genetic distance. Using uncorrected data, we found cross failure, seed germinability and fruit set to be positively associated with genetic distance, although this pattern was not significant for fruit set using nonparametric methods (Table 2) . In contrast, flower number was negatively associated with genetic distance (Table 2 ), such that crosses between closely related taxa had more disruption of flower production than crosses between more distantly related taxa, suggesting heterosis. Cumulative measures of F 1 viability and F 1 fecundity were not associated with genetic distance, whereas total RI was positively associated with genetic distance when tested using uncorrected linear regression ( Table 2 ). The patterns observed for cross failure, germinability and flower number held when analysed with phylogenetically corrected data, although the associations were weaker (Table 2 ). In contrast, the association between total RI and genetic distance was lost when correcting for phylogeny (Table 2) .
In contrast to the simple linear regression analysis above, nonlinear regression analysis of the uncorrected data revealed a significant association between all individual and cumulative measures of reproductive isolation and genetic distance (Table 3 ). The best-fit model, for all RI metrics but flower number, was nonlinear (Table 3) . Limiting the same analysis to interspecific crosses revealed similar patterns of nonlinearity (Table S5 ). In contrast, the phylogenetically corrected analysis found nonlinear models to be the best-fit for only cross failure and germinability (Table 3) . Nonlinear models better fit additional RI metrics when the data were restricted to interspecific crosses, but these associations were nonsignificant with the exception of flower number (Table S5) .
A comparison of evolutionary rates across barriers based on an analysis of covariance revealed that the time required (genetic distance) to evolve a given level of RI differed significantly among the different components of RI (Fig. 1, Tables S6 and S7 ). Cross failure accumulated significantly more quickly (at shorter genetic distances) than did all of the other RI barriers (Fig. 1, Tables S6 and S7 ). Germinability and fruit set accumulated at significantly higher rates than did survival to flower and flower number (Fig. 1 , Tables S6  and S7 ).
Mating system and the evolution of reproductive isolation and its asymmetry
The degree of reproductive isolation was significantly affected by the mating system of the parent taxa (Table S8) . Although not always significant, all components of RI were lower in crosses between parents with different mating systems (S 9 O) than crosses between parents with the same mating system (S 9 S and O 9 O; Tables S9 and S10).
A more detailed analysis of the effect of mating system revealed that the lower reproductive isolation observed in crosses of different mating systems (S 9 O) was driven by an asymmetry (Table S11) . Specifically, for cross failure and flower number, crosses with selfing females had lower post-zygotic RI than crosses with outcrossing females (RI of S female 9 O male < O female 9 Smale ), and S female 9 O male crosses also had lower RI than crosses within either mating type (Fig. 2 , Tables S12-S13).
We also observed significant asymmetries independent of mating system (Table 1 ). The magnitude of reproductive isolation differed between reciprocal crosses, indicating that the degree of RI was asymmetric and depended on which parent was the maternal parent. Asymmetry of reproductive isolation was greatest for cross failure, which was nearly twice large as that measured for seed germinability and fruit set, and five times as large as that in survival to flower and flower number.
Asymmetry in reproductive isolation increased significantly with genetic distance (Table S14 ) and with the magnitude of RI (Table S15 ; although this association was not significant when using phylogenetically corrected data). For cross failure and flower number (phylogenetically corrected), the rate of increase in asymmetry with increasing genetic distance was linear, but for other measures of RI it was nonlinear (Table S14) .
Associations between ecological distance and reproductive isolation
All measures of ecological distance were positively correlated with genetic distance based on both uncorrected and phylogenetically corrected analyses (Table S16), indicating that as taxa diverge ecologically, they diverge genetically.
Overall, there were few consistent associations between reproductive isolation barriers and measures of ecological distance (Table 4) . For the uncorrected data, RI through cross failure, germination, survival to flower, fruit set, F 1 viability, F 1 fecundity and total RI exhibited a significant to marginally significant positive association with divergence in leaf lobedness (Table 4) . In contrast, RI through flower number and F 1 fecundity, as well as total RI, decreased as divergence in temperature seasonality (PC1) increased (Table 4) . The regression estimates (b) appear small, whereas the relative scale of PC1 was large (PC1 range: 0-8904); thus, a unit change in RI over a unit change in PC1 represents a nontrivial association with RI. These patterns, however, were nonsignificant for the phylogenetically corrected analysis (Table 4) . Finally, with a few inconsistent exceptions, asymmetry of reproductive isolation was not associated with ecological distance (Table S17) .
The association between reproductive isolation and ecological divergence did not differ significantly with parental mating system (Tables S18-S20). Specifically, the association between ecological divergence and RI in selfing parents (S 9 S) was not greater than the association between ecological divergence and RI in outcrossing parents (O 9 O). This was true across multiple tests of the interaction of mating system, ecological divergence and RI (see Tables S18-S20 for details) . Thus, we found no evidence that putative differences in linkage disequilibrium between selfing and outcrossing taxa influence alter the effect of ecological divergence on the evolution of intrinsic RI.
Discussion
The evolution of intrinsic reproductive isolation in the Cakile clade was influenced by nonlinear accumulation, mating system and to some extent by ecological divergence. First, the majority of RI barriers accumulated nonlinearly with genetic distance. In general, early stages of RI were the strongest, and later stages tended to exhibit greater levels of heterosis. Second, mating system also influenced the evolution of RI such that crosses with selfing females and outcrossing males exhibited the least post-zygotic RI, supporting our proposed 'sink-provisioning' hypothesis. Finally, the contribution of ecological divergence to the evolution of RI was limited to a weak association between functional trait divergence and early stages of RI. Thus, early stages of intrinsic post-zygotic RI appear to attain a greater magnitude than other stages, driven in part by nonlinear accumulation, mating system and adaptive divergence. Intrinsic post-zygotic reproductive isolation was strongest in the earliest stages of hybrid seed development (i.e. cross failure). Cross failure was up to 2-4 times greater than barriers at later stages of hybrid viability and fecundity. This result is similar to other comparisons of post-zygotic barriers across a diversity of plants that found higher RI for hybrid seed development and lower RI for later stages (Lowry et al., 2008; Widmer et al., 2009) . Lower RI at later stages could arise in part from the fact that hybrids of parents with varying degrees of self-compatibility may exhibit different degrees of seed set (and consequently floral production) because of different rates of autogamy. This hypothesis is unlikely to explain the results for flower production in this study, however, since differential fertilization and seed set did not influence the rates of floral production in these taxa (see Materials and Methods). More likely, the lower RI observed among later stage barriers was due to their relatively slow rates of evolution and greater heterosis. It should be noted, however, that heterosis may be obscured in measures of survival because these measurements are necessarily bounded between 0 and 1. If, for instance, the parental taxa exhibited high rates of survival, then there could be limited capacity for the hybrid offspring to survive better than the parental mean. Likewise, heterosis would be indistinguishable from no reproductive isolation. This is likely the case for cross failure in this study and is an import consideration for a binary measure of reproductive isolation.
Nearly all stages of reproductive isolation accumulated nonlinearly with increasing genetic distance, even when crosses between geographically isolated, subspecific crosses were excluded. One explanation for the nonlinear accumulation of RI could be that it reflects an underlying nonlinear accumulation of incompatible alleles. Theoretically, as isolated populations accumulate new alleles, the probability that each new allele will be compatible with all new alleles in the other population declines. A predicted outcome of this process is an exponential increase in the number of incompatible Table 2 Associations between reproductive isolation and genetic distance. Analyses used both uncorrected and phylogenetically corrected data, as well as parametric (linear regression) and nonparametric (Kendall's s) statistics. For analyses with uncorrected data, significance was adjusted by the number of cross pairs a taxon could be replicated across (18) using a Bonferroni correction (a = 0.0028). Significant associations (P ≤ 0.05) are in bold, and marginally significant associations (P ≤ 0.1) are italicized. Phylogenetically corrected data represent median values from analysis across 100 maximum-likelihood bootstrap phylogenies. Table 3 Comparison of linear and nonlinear models of the evolution of reproductive isolation. Three models were compared: linear model (y ). Best-fit was assessed by AIC score. Models with the lowest (best) AIC score are highlighted in bold. Analyses used both uncorrected and phylogenetically corrected data. For analyses with uncorrected data, significance was adjusted by the number of cross pairs a taxon could be replicated across (18) using a Bonferroni correction (a = 0.0028). Phylogenetically corrected data represent median values from analysis across 100 maximum-likelihood bootstrap phylogenies. alleles between populations (the 'snowball' theory; Orr, 1995; Orr & Turelli, 2001 ). Evidence of the nonlinear accumulation of incompatible alleles has been observed in both plants and animals (Matute et al., 2010; Moyle & Nakazato, 2010) . The 'snowball' theory applies specifically to the number of incompatible alleles and not the accumulated magnitude of RI per se (Orr & Turelli, 2001) , which limits inferences about the underlying genetic processes from phenotypic data (Presgraves, 2010) . Another explanation for the nonlinear increase in RI for binary measures of RI is that the nonlinearity might simply be an artefact of the inability to detect heterosis. As noted above, binary measures of RI are bounded, and heterosis is indistinguishable from low RI, such that both would manifest as a slow rate of accumulation in RI at early stages of genetic divergence. At this stage, we cannot distinguish between these alternative explanations for the nonlinear accumulation of RI, although a recent review has suggested that early-stage developmental incompatibilities might be key barriers in the speciation process (Lafon-Placette & K€ ohler, 2016) . Mating system also influenced the magnitude of post-zygotic reproductive isolation. In particular, RI of early seed viability was lowest when selfing mothers were crossed with outcrossing fathers, consistent with our 'sink-provisioning' hypothesis that competitive seeds from outcrossing fathers are super-provisioned by nonresistant selfing mothers. Although some support for the WISO hypothesis, which predicts that RI would be highest when selfing mothers are crossed with outcrossing fathers, has been found in other species pairs (Brandvain & Haig, 2005; Rebernig et al., 2015; Lafon-Placette & K€ ohler, 2016) , this is the first multispecies comparative analysis of the effect of mating system on hybrid seed development and suggests that sink strength relative to maternal resistance to provisioning could be a significant factor in determining RI. This pattern is not likely to be caused by pre-zygotic pollen competition, which could produce a similar pattern as that observed here, because our pollinations were not competitive, and we did not detect any effect of mating system on the ability of pollen to reach ovules (Willis, 2013) . Although further research is required to verify underlying cause of variation in cross failure in this system, it is clear that mating system appears to influence RI especially at early life stages.
Ecological divergence appears to have a limited contribution to the evolution of intrinsic reproductive isolation in this system. Previous studies have identified associations between post-zygotic intrinsic reproductive isolation and geographic or ecological distance in largescale comparative studies across multiple genera (Funk et al., 2006; Jewell et al., 2012) , or more recently, in specific cases of recently divergent populations (Funk et al., 2006) . At the intermediate scale of our studyranging between recently divergent populations and genera -we found limited evidence of an ecological (Nei's D) . Regression slopes and data are partitioned by RI barrier (legend). The slopes correspond to the best-fit regression models for each RI barrier ( Table 4 ). Note that the trend lines for germinability and fruit set overlap. Tables S11-S13 for full results.
Table 4
Associations between reproductive isolation and ecological distance, controlling for genetic distance. The principle components of climate include temperature seasonality (PC1) and annual precipitation (PC2). Analyses used both uncorrected and phylogenetically corrected data. Estimates and P-values for each measure of ecological distance are presented from linear models that included genetic distance as a covariate. For analyses with uncorrected data, significance was adjusted by the number of cross pairs a taxon could be replicated across + the number of independent variables (18 + 7 = 25) using a Bonferroni correction (a = 0.002). For corrected data, significance was adjusted by the number of independent variables (7, a = 0.007). Significant associations (P ≤ 0.05) are in bold, and marginally significant associations (P ≤ 0.1) are italicized. Corrected data represent median values from analyses across 100 maximum-likelihood bootstrap phylogenies.
RI barrier
Geographic distance
Latitude
Leaf lobedness signature in the evolution of intrinsic RI or asymmetry in RI, despite focusing on the most obvious measure of ecological divergence in the clade: climate. Furthermore, we did not find any effect of mating system on the association between ecological distance and intrinsic RI. This is in contrast to our initial expectation that selfing taxa would be more likely to exhibit effects of ecological divergence on intrinsic RI because of their higher rates of linkage disequilibrium. Instead, the lack of an effect of mating system is further evidence that adaptive divergence with regard to climate and several key functional traits has not contributed to broader patterns of intrinsic RI in this system. The strongest evidence for an effect of ecological divergence on the evolution of intrinsic RI was an association between reproductive isolation and the functional trait, leaf lobedness. Leaf lobedness was significantly correlated with all but one of the RI barriers, although these associations were nonsignificant after correcting for phylogenetic nonindependence. Nonetheless, it is tentatively suggestive that adaptive divergence in leaf shape may accelerate the evolution of RI, in particular with regard to cross failure and germinability. Leaf lobedness has functional implications for water transportation and temperature regulation (Nobel, 2005; Sack & Holbrook, 2006; Nicotra et al., 2011) and could therefore have been a target of divergent adaptation to different latitudes or habitats (coastal vs. desert). However, further investigation is required to ascertain both the adaptive significance of these leaf traits as well as how they contribute to the evolution of intrinsic post-zygotic RI in this system.
Although we did not find a consistent association between ecological divergence and intrinsic reproductive isolation in our study, it is possible that we missed or underestimated it. One possibility is that, for widely distributed species, the level of subspecific climatic variation was comparable to the level of interspecific climatic variation. However, divergent adaptation to climate apparently has occurred at the subspecific level (Willis, 2013) , suggesting that ecological differences in climate reflect some level of adaptive divergence. Although climate does appear to exert selection in the genus, it does not appear to have driven the evolution of RI in this group. It is possible, of course, that adaptation to other unmeasured selective pressures has contributed to the evolution of intrinsic post-zygotic RI within this group. Indeed, evidence for the role of adaptive divergence contributing to intrinsic reproductive isolation in plants has been limited to localized selective pressures, such as edaphic conditions (Wright et al., 2013) or disease . Also, we did not examine other relevant measures of hybrid fertility, such as pollen viability, ovule number, which have been shown to exhibit intrinsic RI (Funk et al., 2006) . These measures of hybrid fertility might exhibit stronger associations with ecological divergence in this system, although we found little evidence for this in a more focused study in this system of ecologically similar vs. divergent sister taxa (Willis, 2013) .
In conclusion, we found significant intrinsic postzygotic reproductive isolation in Cakile that is strongest in earlier stages of hybrid development, evolves nonlinearly with time and is influenced by mating system. Divergent adaptation to climate or key functional traits, however, does not appear to have contributed strongly to the evolution of intrinsic RI. Rather, the predominant pattern we observe is in line with classic neutral models of intrinsic RI evolution, wherein RI and RI asymmetry accrue nonlinearly with genetic divergence irrespective of adaptive ecological divergence. However, mating system divergence may influence the evolution of RI in a manner that might actually enhance the viability of offspring in crosses between contrasting mating systems. Thus, mating system evolution may play a significant role in the evolution of RI and speciation.
Supporting information
Additional Supporting Information may be found online in the supporting information tab for this article: Table S1 List of taxa with location and mating system information. Table S2 F 1 cross matrix. Numbers in the matrix represent number of crosses between taxa pairs ("cross pairs"). Table S9 LS-means of reproductive isolation for three classes of crosses with respect to parental mating system. Table S10 Contrast of LS-means of reproductive isolation among three classes of crosses with respect to parental mating system. Table S11 Analysis of variance for the effect of parental mating system on reproductive isolation, based on all four categories of cross types. Table S12 LS-means of reproductive isolation for each parental mating-system cross type. Table S13 Contrast of LS-means of reproductive isolation for each parental mating-system cross type. Table S14 Comparison of linear and nonlinear models of the evolution of asymmetry in reproductive isolation (difference in RI between reciprocal crosses). Table S15 Associations between the magnitude of RI and its corresponding asymmetry, controlling for genetic distance. Table S16 Associations between genetic distance and ecological distance. Table S17 Associations between reproductive isolation asymmetry and ecological distance, controlling for genetic distance. Table S18 A test of the interactive effect of mating system and ecological distance on reproductive isolation using analysis of covariance. Table S19 A test of the interactive effect of mating system and ecological distance on reproductive isolation using analysis of covariance. Table S20 A test for differences in the association between ecological distance and reproductive isolation for each parental mating system combination. Figure S1 Geographic distribution of taxa used in this study.
